Abstract Opioid overdose morbidity and mortality is recognized to have epidemic proportions. Medical and public health agencies are adopting opioid harm reduction strategies to reduce the morbidity and mortality associated with overdose. One strategy developed by emergency medical services and public health agencies is to deliver the opioid antidote naloxone injection intranasally to reverse the effects of opioids. Paramedics have used this route to quickly administer naloxone in a needle-free system and avoiding needlestick injuries and contracting a blood-born pathogen disease such as hepatitis or human immunodeficiency virus. Public health officials advocate broader lay person access since civilians are likely witnesses or first responders to an opioid overdose in a time-acute setting. The barrier to greater use of naloxone is that a suitable and optimized needlefree drug delivery system is unavailable. The scientific basis for design and study of an intranasal naloxone product is described. Lessons from nasal delivery of opioid analgesics are applied to the consideration of naloxone nasal spray.
Introduction
In 2008, poisoning surpassed motor vehicle accidents as the leading cause of "injury deaths" in the USA [1] . Nearly 90 % of poisoning deaths are caused by drugs. During the past three decades, the number of drug poisoning deaths increased sixfold from about 6,100 in 1980 to 36,500 in 2008. Of the 36,500 drug poisoning deaths in 2008, 14,800 involved prescription opioid analgesics. Approximately 3,000 deaths also involved heroin overdose. In 2008, the overall death rate in the USA was 4.8 per 100,000 for nonmedical use of prescription opioids [2, 3] .
The opioid overdose crisis is a worldwide phenomenon crossing sovereign, cultural, and socio-economic boundaries. The US Centers for Disease Control considers prescription drug overdose in epidemic proportions, in particular, the morbidity and mortality associated with use, abuse, and misuse of prescription opioids [4] . Hospitalizations from prescription opioid poisoning increased by over 50 % from 1999 to 2006, paralleling the increased prescribing of these medications for the treatment of pain [5, 6] . Although many deaths are associated with drug abuse, there is also a growing trend of therapeutic misadventures for pain patients prescribed powerful analgesics, including opioids. Chronic cancer and nonmalignant pain pharmacotherapy regimens frequently involve combinations of medications with additive or synergistic central nervous system depression adverse effects.
Injection drug use, principally heroin, is one of the most significant correlates to opiate use mortality. Eurasia, Australia, Canada, Italy, and Great Britain, among others, all describe significant injection drug use populations that experience drug overdose with similar rates of mortality regardless of socioeconomic status [7] [8] [9] [10] [11] [12] .
Government and nongovernment public health agencies, the pharmaceutical industry, and others are adopting prevention and intervention strategies in an attempt to reduce opioid overdose mortality. One "harm-reduction" strategy has been to provide education and training on opioid overdose recognition and emergency treatment to addicts and their close daily contacts [13] . In addition, the addict and their loved ones are trained to rescue breathe, call emergency medical services, and to administer the opioid antidote naloxone.
Naloxone is the drug of choice to reverse respiratory and central nervous system depression caused by opioid overdose [14] . Naloxone injection has been marketed in the USA for 41 years, initially under the trade name Narcan®. Naloxone hydrochloride (HCl), known chemically as 17-Allyl-4,5α,-epoxy-3, 14-dihydroxymorphinan-6-one hydrochloride, is a potent mu-receptor antagonist. It has subsequently become a multisource prescription generic drug manufactured by International Medication Systems, Limited and Hospira, Inc. [15, 16] . Ampoules of naloxone injection are also available in many countries. The injection is available in two strengths, 0.4 and 1.0 mg/mL. Naloxone is a standard drug carried by emergency services personnel in ambulances and medication kits for reversal of suspected opioid overdose, whether accidental or intentional. Hospital emergency departments also use this medication routinely for this purpose. The initial adult dose of naloxone in known or suspected narcotic overdose is 0.4-2 mg, which may be repeated to a total dose of 10 mg. The current formulations of naloxone are approved for intravenous (IV), intramuscular (IM), and subcutaneous (SC) administration, with IV being the recommended route [17, 18] . Naloxone is also indicated as a reversal agent when the effects of therapeutic use of opioids are no longer medically necessary, such as in reversal of opioid effects in general anesthesia [15, 16] . Lastly, naloxone is coformulated with buprenorphine as an oral product providing an abuse-deterrent formulation for opioid maintenance in opioid dependent patients.
In the last several years, the emergency medical systems (EMS) community in the USA and elsewhere has developed an interest in administering naloxone in a needleless system via the intranasal (IN) route. Some EMS programs have now moved toward intranasal administration of naloxone since many of the patients needing naloxone are injection drug users; 80 % of the injection drug user population in large metropolitan areas is hepatitis C positive or HIV positive. For example, the Denver and San Francisco EMS uses this drug administration technique as standard of care to prevent needlestick injuries to emergency medical technicians [17, 19, 20] .
Some EMS programs have developed a system using existing technologies of an approved drug and an existing medical device to administer this opioid antidote, albeit in a non-Food and Drug Administration (FDA)-approved manner [19, 20] . This has been accomplished by using the injectable formulation (1 mg/mL) and administering 1 mL per nostril via a marketed nasal atomizer/nebulizer device. The system combines an FDA-approved naloxone injection product (with a Luer fitted tip, no needles) with a marketed [510(k) exempt] medical device called the Mucosal Atomization Device (MAD™ Nasal, Wolfe Tory Medical, Inc.). This initiative is consistent with the US Needlestick Safety and Prevention Act (Public Law 106-430) [21] [22] [23] [24] [25] .
The EMS programs recognize limitations of this system, one limitation being that it is not assembled and ready to use. Although this administration mode appears to be effective in reversing narcosis, the formulation is not concentrated for retention in the nasal cavity. The 1 mL delivery volume per naris is larger than that generally utilized for intranasal drug administration. Therefore, there is loss of drug from the nasal cavity, due either to drainage into the nasopharynx or externally from the nasal cavity. An improvement would be to design a ready-to-use product specifically optimized, concentrated, and formulated for nasal delivery.
The drug abuse treatment and overdose prevention communities worldwide have also recognized the desire for a needle-free system for naloxone delivery [26] . Clients at needle-exchange centers provide kits containing naloxone, with either needles or nasal spray atomizers, and instructions for use. Such programs are well-described in the USA and Great Britain, commonly operating in conjunction with needle-exchange programs [27] [28] [29] [30] [31] [32] [33] . In May 2012, the British Advisory Council on the Misuse of Drugs published a report advocating for greater distribution of naloxone and training for administration [34] . The Council reiterates that naloxone is safe and effective, that there is evidence that take-home naloxone can be effective for reversing heroin overdoses. Cost-effectiveness of these programs is still being assessed.
An unmet medical need exists to provide greater access to the opioid antidote naloxone. A significant barrier to this goal is that naloxone is only available as an injection for IV, IM, or SC administration. A needleless system that integrates a concentrated formulation and a nasal delivery device would help satisfy this unmet need.
Nasal physiology, drug, and formulation considerations for nasal delivery
Nasal physiology
Intranasal sprays of medication intended for systemic drug absorption are generally designed to target the turbinates on the medial wall of the nasal cavity. The turbinates serve as a baffle in which inspired air is humidified and filtered. This region of the nasal cavity is covered with a thin mucus layer, a monolayer ciliated epithelium, with an abundant underlying blood supply. These conditions are ideal to permit passive diffusion (transcellular) of medications with certain chemical characteristics across cell membranes and into the bloodstream. Some medications also transit to the blood stream by passing through the tight-cell junctions between cells (paracellular) [35] .
To reach the turbinates, the nasal spray device must be inserted fully into the nasal vestibule with the atomizer tip placed at the nasal valve, and then aimed laterally toward the turbinates. Activation of the device ejects the liquid as an atomized spray or plume. The bulk of the spray impacts the anterior and inferior portions of the nasal cavity as a function of straight-line impact of particles greater than 10 μm in size [36] [37] [38] . The smallest particles, less than 10 μm in size, may be carried by air currents more superiorly in the nasal cavity and impact on the superior turbinate and possibly reach the olfactory region and nerve. There is substantial evidence in animals, and some evidence in man, that the olfactory nerve can absorb or actively transport medications to the central nervous system via the olfactory bulb (nose to brain theory). Differences in animal and human nasal apparatus anatomy, and certain characteristics of the medication, seem to play roles as to whether medication is transported to the brain via this mechanism and if a pharmacologic effect is observed [39] [40] [41] .
Under ideal conditions, most medication is absorbed from the nasal cavity and into the bloodstream within 15-20 min, thus generally avoiding the gut first-pass metabolism [35, 36] . Medication remaining in the nasal cavity beyond this time is subject to elimination via various enzyme systems present within the nasal mucus and by swallowing. A second absorption phase (oral) can be observed with nasally administered medications having incomplete nasal absorption that are not subject to high first pass gut metabolism.
Nasal physiologic changes during pathologic conditions, such as polyposis and allergic and vasomotor rhinitis, could theoretically alter the biopharmaceutics of intranasal medications intended for systemic drug administration [35, 36, 42, 43] . Physical obstruction of the nasal passage(s) due to prior trauma and subsequent deflection of the passageways is another possibility. Concurrent use of medications with vasoconstriction or vasodilation properties may also affect drug absorption. Lastly, increases in mucus production and changes in mucociliary clearance rates could affect bioavailability [35] [36] [37] [38] .
Pharmaceutical regulatory agencies have required studies of the effect of rhinitis on nasal drug delivery biopharmaceutics [43, 44] . It has been demonstrated that there is a lack of effect of nasal mucosal inflammation on the absorption of hydromorphone, butorphanol, buserelin, and triamcinolone acetonide-an exception was reported for desmopressin. Inconsistent results have been reported on the biopharmaceutical disposition of these medications when pretreatment with oral or topical decongestant was administered [37, 43, 44] . Small but statistically measureable changes in rate or extent of absorption have been reported when decongestants were co-administered.
Drug and formulation considerations
Many intranasal delivery products are designed to serve certain purposes or unmet medical needs. Clearly, a nasal spray can remove the needle from drug administration, as is the case with the conversion of the protein calcitonin from a daily injection to a nasal spray. Furthermore, beyond just removing the needle from delivery, intranasal products are designed for rapid action, such as those products designed to treat seizures (benzodiazepines) migraine headache (sumatriptan, butorphannol, zolmitriptan, dihydroergotamine) or pain in general (fentanyl, hydromorphone) [45] [46] [47] [48] [49] .
Successful intranasal products satisfied several design fundamentals necessary for intranasal delivery. The properties of the drug generally follow these characteristics: Physical-chemical properties of the candidates must also be considered. Water solubility is important for formulation considerations. Log P, derived from the octanol/water partition coefficient, is a surrogate for lipophilicity and potential for compounds to diffuse across biologic membranes. Successful intranasal medications tend to be water soluble and have sufficient lipophilic character to readily cross biologic membranes [35, 36] .
The dose must have sufficient solubility to be administered in approximately 100-200 μL (one spray per naris) of solution. The nasal cavity can retain 100-150 μL without causing immediate runoff out the front of the nose or down the nasopharynx [35, 36] . Additional solubilization strategies may be necessary including the use of organic cosolvents, excipients such as cyclodextrins or other agents to from water-soluble inclusion complexes, or preparation of emulsions. Permeation enhancers may also be necessary to enhance drug penetration through cell membranes [50] .
Design of the formulation must account for other factors as well. It is useful to design the formulation to be isotonic to slightly hypertonic to optimize absorption and tolerability. Viscosity enhancing agents such as methylcellulose and others can promote retention in the nasal cavity by slowing the ciliary movement of mucus [35, 36] . Surfactants or polymers can be employed to enhance transmembrane permeation [50] . Lastly, the drug and formulation have to be stable in the device during processing, i.e., sterilization and storage, and thus may require stabilizers.
The choice of delivery device for the medication is another critical consideration. Squeeze bottles are available but have no metering device appropriate to administer potent systemic medications. Multidose bottles provide a metered dose and are available for chronic drug administration. A standard syringe with Luer fitting to accept a nasal atomizer has been used to draw up and administer injection-based drug solutions into the nasal cavity for opiate overdoses, acute pain, and to deliver midazolam injection to the nasal cavity of a seizing patient. Unit-dose devices similar to those used for migraine treatment are also available and being used in development of benzodiazepine nasal spray products. The choice of device depends upon factors such as intended clinical use, setting, stability with the drug and formulation, among others [35, 36] .
Ideally, a well-designed formulation must not induce localized toxicity with acute or chronic use. For example, chronic vasoconstriction, irritation, or inflammation can induce tissue damage including ulceration, epistaxis, nasalseptal defects, and fistulae. Formulations should not cause damage to the cilia. Chronic, or daily use, of an irritating product could lead to more serious sequallae from nasal delivery [36] .
Properties of naloxone hydrochloride dihydrate
Naloxone is supplied as naloxone HCl dihydrate. The empirical formula of naloxone HCl dihydrate is C 19 H 22 ClNO 4 , 2H 2 O and its molecular weight is 399.9 g/mol. The structural formula for naloxone is described in Fig. 1a [15, 16] .
Naloxone HCl has a physical form of white, or almost white, crystalline powder, and is hygroscopic. Its melting point is 200-205°C. Naloxone HCl is freely soluble in water and 96 % alcohol, but practically insoluble in toluene. It is also slightly soluble in alcohol and practically insoluble in ether or chloroform. The dissociation constant pKa of naloxone is 7.9 and the log P is 1.92. These physicalchemical characteristics suggest a naloxone aqueous solution is likely feasible [36] .
Given its high water solubility, naloxone HCl is an excellent candidate to consider for intranasal delivery and satisfies many criteria necessary for this route. Naloxone is a high first-pass metabolism medication; oral bioavailability is reported to be ≤5 %. The parenteral dose is 2 mg or less; it is highly potent when injected [14] [15] [16] .
Nasal sprays of compounds chemically related to naloxone have been described. Medications studied include the opioid antagonist naltrexone, and the opioid agonists hydromorphone and butorphanol (Fig. 1b-d) . Examination of the formulation methods and human biopharmaceutics of other chemically related compounds will be instructive for considerations of a naloxone nasal spray [36, 45, 48, 49] .
Translation of intranasal opioid formulations to naloxone nasal spray
Naturally occurring and semi-synthetic opioids and antagonists share the core structure of thebaine [51] . The addition of functional groups to the core structure imparts different physical-chemical and pharmacologic properties. However, the molecular weights and pKa values are roughly similar and the acid salts tend to be freely soluble in water. Certain cogeners have relatively higher log P as compared to others and so transmembrane delivery may be more accommodative for these molecules [36] . Functional group changes also impart pharmacological properties of being a full mureceptor agonist, partial agonist, or antagonist. Similarly, these changes may affect the degree of first-pass metabolism upon oral administration. Many of these cogeners are also quite potent-doses may range from 0.5 to 10 mg.
A recent manuscript has provided a comprehensive review on intranasal delivery of opioids [36] . Tables on physical-chemical properties and biopharmaceutics of various agents are provided. Data for naltrexone, hydromorphone, and butorphanol are provided (Table 1) . These molecules may be of particular interest since the intravenous and intranasal dosing appears to be similar and the molecules share chemical characteristics to naloxone. Table 2 provides a comparison of the biopharmaceutics of nasally administered naltrexone, hydromorphone and butorphanol. Interestingly, the clinical doses of these drugs (dose normalized for naltrexone) are comparable to that of naloxone injection. Concentration-time profiles for naltrexone, hydromorphone, and butorphanol are provided in Fig. 2 (dose normalized). These data may suggest the likely outcome of an intranasally delivered concentrated solution of naloxone HCl. A 2 mg nasal solution dose will likely have a C max of 3-5 ng/mL and a t max of approximately 20 min, similar to naltrexone and hydromorphone [48] . The greater absorption of butorphanol is likely related to its higher Log P and ability to diffuse across biologic membranes.
Biopharmaceutics of intranasal naloxone
The nasal administration of 3 H-naloxone to anesthetized male rats (n03/group) at a single dose of 30 μg (0.1 mg/ kg, based on their average weight of 270 g/rat) in 0.1 mL was compared to a similar dose in 0.1 mL given by the intravenous and intraduodenal routes [52] . Nasally administered naloxone was rapidly and completely absorbed (Fig. 3) . The plasma elimination half-life of radioactivity was found to be 40-45 min. The nasal bioavailability for naloxone calculated from the ratio of the AUC 0-INF (nasal/intravenous 01,517.5/1,498.7 ng·h/mL) was 101 %. The intraduodenal bioavailability for naloxone was only 1.5 % (intraduodenal/intravenous022.0/1,498.7 ng·h/mL).
These results established the nasal route for the administration of naloxone in rats was equivalent to the parenteral route.
The pharmacokinetic properties of intranasal naloxone in humans are not well described. A literature review found there are no papers describing the human pharmacokinetics of intranasal naloxone using what might be considered a highly concentrated nasal solution formulation. One paper describes pharmacokinetics of nasal administration of commercial injectable naloxone in man [53] . The intranasal formulation employed was an injection in which 0.8 mg was administered in a volume of 2 mL (1 mL/naris) even though it is commonly understood the nasal cavity can retain only 100-200 μL per naris. The study compared intravenous and intramuscular administration to intranasal administration. The reported intranasal bioavailability of 4 % is dependent upon this non-optimized delivery volume, as it can be assumed that much of the medication ran away from the site of absorption. Therefore, the report may be misleading regarding predicting nasal naloxone absorption in humans using a solution concentrated and designed to accommodate the absorptive surface of the naris.
A recent publication provides a more relevant examination of the possible pharmacokinetic profile of a formulated naloxone nasal spray. The study provides information regarding the nasal absorption of naloxone in humans from a powder obtained from crushed Suboxone® (buprenorphine and naloxone sublingual tablets) [54] . After administration of 2 mg (naloxone) nasal powder, the absolute bioavailability was 30 %, with a t max of 20 min and a C max of 1.6 ng/mL. A powder will behave somewhat differently than a solution administered intranasally because dissolution must occur during the time that the naloxone powder is present in the nasal cavity and before the ciliated epithelia sweep the product posterior to be swallowed. A solution of naloxone may have a slightly higher bioavailability and C max . Figure 4 presents a concentration-time profile for 0.5 and 2.0 mg of intranasal naloxone powder from a Suboxone® tablet. The nasal delivery of naloxone powder, and subsequent exposure, can be used as a surrogate marker as to the potential for naloxone nasal spray to reverse narcosis. The essential question remains as to whether naloxone nasal spray will produce an exposure that is clinically relevant. The Dowling paper suggests that naloxone nasal spray will produce a systemic exposure that is clinically relevant if compared to the profiles of intravenous and intramuscular administration. Figure 5 presents the concentration-time profile for 0.8 mg naloxone, a clinically relevant dose within the naloxone prescribing label, for intravenous and intramuscular administration. The intramuscular administration is particularly relevant given the absorption phase. A C max of about 1.5 ng/mL and a t max 12 min were derived from this route of administration [53] . These data are not greatly different from the profile demonstrated from intranasal naloxone powder administration.
Clinical experience with intranasal naloxone in reversing narcosis
Emergency medicine practitioners and drug abuse treatment and prevention clinicians have considerable experience with administering naloxone injection for treatment of suspected opioid overdose. It appears the practice of nasal naloxone administration has outpaced the biopharmaceutic and clinical pharmacologic aspects typical of understanding the properties of a medication and delivery system. Regardless, the system appears to work and is further described.
Nasal administration of naloxone was first reported by Loimer in 1992 [55] . Naloxone was studied using a 1 mg intranasal dose to identify potentially physically dependent opioid users. Withdrawal distress, pupillary response, pulse rate and blood pressure were recorded. Withdrawal symptoms highly correlated with subject history and the presence of opioid metabolites in urine. The authors conclude that nasal delivery of naloxone is as effective as intravenous injection to identify physically dependent opioid users and could be useful in emergency medicine treatment.
A second study by Loimer was conducted in 17 opioiddependent patients to compare the efficacy of 1 mg of Fig. 2 Concentration-time profiles for naltrexone (10 mg intranasal and 50 mg oral; a), hydromorphone (2 mg IV and 1 and 2 mg intranasal; b), and butorphanol (1 and 2 mg intranasal; c) [48, 49] intranasal naloxone to intramuscular and intravenous naloxone administration [56] . Withdrawal symptoms and vital sign changes were again used as endpoints at 1, 5, 15, 45, 90, and 180 min after administration. The data demonstrated that intranasal administration had a more rapid onset and intensity of withdrawal as compared to intramuscular administration, but was not as rapid or as intense as intravenous administration. All endpoints returned to baseline by 180 min in all groups.
Naloxone is approved for use in the USA by IV, IM, or SC routes [14] [15] [16] . It is suggested that the onset of action of the IV will be faster, so is preferred in emergency situations. However, obtaining IV access in the prehospital setting, especially among injection drug abusers can be time consuming and difficult. Wanger conducted a study to determine the actual onset of effect (defined as a respiratory rate of ≥10 breaths/minute) calculated from the time of arrival at the patient's side using two approved injection routes [57] . That is, this approach takes into account the time to set up and deliver the drug by the intended route.
The study utilized naloxone injection, as used in nonhospital settings for presumed heroin overdoses. Patients were enrolled in series, rather than randomized. The first series treated patients with naloxone 0.4 mg IV followed by an additional 0.4 mg IV in the case of unsatisfactory response by 5 min (satisfactory response was ≥10 breaths/min). The second phase of the protocol treated patients with 0.8 mg naloxone SC. If a satisfactory response was not observed by 5 min, the IV protocol was followed.
While the time to effect after IV administration was faster, it was offset by the time needed to obtain IV access and administer the drug, as compared to SC administration, such that there was no difference in time to response. The SC response data may be quite relevant to assessing possible doses and response profile of naloxone nasal spray. A second dose was needed in 35 % of the patients treated with IV naloxone and a second dose (given IV) was needed in 15 % of the patients treated with SC naloxone. Subjectively, the ambulance attendants administering the naloxone indicated that emergence was more gradual, resulting in less violence and aggression at the scene after SC administration as compared to IV administration. A similar effect may be seen after intranasal route of administration (see Table 3 ).
Barton was the first to demonstrate intranasal delivery of naloxone by paramedics. Thirty patients in Denver, CO, USA encountered by paramedics received 2 mg of naloxone (injection formulation, 1 mg/mL) administered intranasally with the disposable nasal spray atomizer called the Mucosal Atomization Device [58] . One milliliter was administered into each naris upon initial patient contact. Paramedics then assessed/provided airway management and IV line placement unless the patient initially responded to the naloxone and no additional treatment was needed. Nasal abnormalities were also noted. Eighty-three percent of the patients with an opioid overdose responded to intranasal naloxone, with an average response time of 3.4 min. One patient responded to IV naloxone and not to IN naloxone alone. Sixty-four percent of the naloxone responders did not require an IV placement. This was the first paper demonstrating use of this delivery route in clinical practice.
Barton published a final report of the aforementioned study. In this analysis of 95 patients, response rates to treatment remained similar [59] . That is, 83 % of naloxone responders responded to intranasal naloxone. Seven (16 %) of the intranasal responders required additional doses of IV naloxone. None of the "naloxone responders" were reported to have severe withdrawal reactions from either IV or IN naloxone. Nasal abnormalities (epistaxis, mucus, trauma, or septal abnormalities) were noted in five patients (of nine) who did not respond to IN naloxone. None of the IN naloxone responders had any nasal abnormality noted by paramedics.
The mean time from drug administration to clinical response was slightly longer with intranasal (4.2 min) as compared to intravenous administration (3.7 min); the medians were not different (3.0 min for each route). However, because of the time needed to obtain IV access in these patients, the time from first patient contact to time of clinical response is not different between the routes. The median time from arrival to the patient's side to clinical response was 8 min for IN and 10 min for IV (means reported as 9.9 and 12.8 min, respectively). Thus, the nasal route can be a quick first response while additional intervention and monitoring are conducted by rescue personnel.
A randomized trial comparing 2 mg intranasal to 2 mg intramuscular naloxone was reported by Kelly in 2005 [22] . One hundred fifty-five patients (71 IM and 84 IN) requiring prehospital treatment for suspected overdose received 2 mg/ 5 mL naloxone by one of the routes of administration. Sixtythree percent of the IN patients had 10 or more spontaneous respirations within 8 min of treatment as compared to 82 % of the intramuscular naloxone treated patients. Additional rescue naloxone was needed in 13 % of IM patients and 26 % of IN patients (p0NS) . The time to achieve a Glasgow Coma Scale (GCS) greater than 11 was not significantly different between groups. There were no major adverse events in either group, although the intramuscular group more commonly experienced withdrawal symptoms, especially agitation and/or irritation. The authors conclude that IN naloxone was sufficient to reverse opioid toxicity. Although the IN response rate was not as great as after IM administration, the data and study design demonstrate the importance of dose and endpoint selection. Moreover, the authors state that the IN response rate will likely improve if IN naloxone exposure were to be increased through optimization of intranasal delivery product design. The IN solution used in this experiment was tenfold more dilute than what would be typically formulated for an IN product.
In a follow-up study designed to test a higher concentration of naloxone, Kerr enrolled 172 suspected heroin overdose patients in a randomized, controlled, open-label trial [21] . Patients received 2 mg/mL naloxone either IM or IN (0.5 mL/naris) in the prehospital setting. The primary outcome measure was the proportion of patients with an adequate response within 10 min of naloxone administration. (Response was defined as respiration rate (RR) ≥10/min and/or GCS ≥13.) Patients receiving a supplementary dose were automatically classified as not achieving adequate response within 10 min. Outcomes are shown in Table 4 . In general, the responses are quite parallel comparing IM to IN naloxone for clinical outcomes with one exception. More Table 3 Time intervals for patients in the out-of-hospital setting receiving naloxone 0.4 mg IV vs naloxone 0.8 mg SC [57] IV (n074) SC (n0122) P value
Time interval from arrival at patient's side to drug administration (minute) 5.7±3.8 4.0±3.0 0.002 Time interval from drug administration to respiration rate ≥10 breaths/minute (minute) 3.8±3.1 5.5±3.9 0.001 Time interval from arrival at patient's side to respiration rate ≥10 breaths/minute (minute) 9.3±4.2 9.6±4.6 0.67 Duration of bag-valve-mask ventilation (minute) 8.1±6.0 9.1±4.8 -patients receiving IN naloxone required a second dose. However, this result could also be a function of using a dilute naloxone solution for nasal administration-the functional dose administered was less than provided due to solution run away. In another study, Robertson reported a retrospective review comparing intravenous naloxone to intranasal naloxone in the prehospital setting in the San Francisco EMS service area [23, 24] . The study was done to assess the implementation of the IN protocol as it was being employed. The IN protocol was to give 1 mg/mL/nostril (2 mg total); if no adequate response was observed in 10 min, then 1 mg naloxone was to be administered by slow IV push. The principal variables reported were time from medication to patient response and time from patient contact to clinical response in patients with suspected opioid overdose. Charts of 154 patients were reviewed; 104 received IV and 50 received IN treatment. Clinical response to naloxone was reported to be the same between groups: "positive" clinical response was seen in 56 % of the patients treated with IV naloxone and 66 % in patients treated with IN naloxone. The mean time from drug administration to clinical response was longer for IN (12.9 min) versus IV (8.1 min) administration. However, the time from patient contact to clinical response was no different (20.3 versus 20.7 min). More of the IN patients received a second dose of naloxone (34 % of IN patients versus 18 % of IV patients). The authors conclude that IN naloxone is a viable alternative rescue treatment given the hazards associated with obtaining IV access in this patient population.
Safety considerations for intranasal naloxone
Patients with severe central nervous system and respiratory depression related to opioid overdose are critically ill and need emergency resuscitation. Adverse consequences of hypoxia and hypercarbia become relevant in a matter of minutes. Administration of the antidote naloxone provides a dose-dependent reversal of the opioid effects. Rapid intravenous administration, while effective in reversal of narcosis, can result in a rapid emergence with possible agitation and violence. Rare cases of seizures, hypertension, and cardiac arrest have been reported. It is difficult to separate out opioid overdose effects, concurrent co-intoxicant effects (benzodiazepines, ethanol, etc.) from naloxone effects, from the underlying hypoxia/hypercarbia and subsequent reversal. There is a suggestion that lower initial doses and or administration routes with a slower onset might minimize emergence reactions [60, 61] .
Of the reports describing the response to naloxone delivered nasally, only two studies described adverse events seen in detail. Kelly conducted a prospective, randomized trial comparing 2 mg IM naloxone to 2 mg/5 mL IN naloxone given by a mucosal atomizer [22] . One hundred eighty-two patients were enrolled, of whom 155 were evaluable. The patients averaged 28-30 years in age (range 13-57) and 72 % were male. Patients who received IM naloxone responded faster than the IN group with respect to time until respirations >10/min (6 min to response for IM versus 8 min to response for IN, p00.006). Time to GCS greater than 11 was not significantly different. In the IM group, 13 % of patients needed "rescue" naloxone, versus 26 % in the IN group. Note the high volume (5 mL) used to deliver naloxone intranasally. There were no major adverse events in either group. Adverse events listed as mild include nausea and vomiting and agitation/irritation.
In a follow-up to the Kelly study, Kerr compared safety and effectiveness of a specially prepared concentrated naloxone formulation (2 mg/mL) given via the IN versus IM routes in a randomized, controlled, open-label trial [21] . A total of 172 patients suspected of heroin overdose were treated by emergency medical personnel and enrolled into the study: 83 received 1 mg/0.5 mL into each nostril (2 mg total) and 89 patients received 2 mg/mL IM. Seventy-four percent of the patients were male, and the average age was 31. The adverse events seen were similar between the two groups and were generally mild in nature and included agitation and nausea and vomiting.
In general, patients receiving naloxone will experience some degree of withdrawal symptoms [14-16, 53, 54, 60, 61] . Unlike withdrawal symptoms precipitated by withdrawal of other agents, opioid withdrawal is not life threatening. Withdrawal symptoms induced by naloxone administration tend to dissipate in a period of 30-60 min due to the relatively short half-life of naloxone. Due to naloxone's high metabolic clearance and the fact that most opioids have a longer persistence in the blood stream, the symptoms of withdrawal dissipate, and in about 15-20 % of cases, administration of a repeat dose of naloxone may become necessary if overt toxicity such as central nervous system and respiratory depression recur. Repeat dosing may also be more likely for patients receiving methadone and buprenorphine due to their long half-life and extended-release opioid preparations and transdermal patches due to the large depot of medication in the dosage form. Take-home prescription naloxone Large metropolitan cities that have significant injectionbased drug abuse, primarily heroin, adopted pilot studies in the 1990s to determine if addicts could be trained to rescue other individuals that may be experiencing an overdose. A 2001 review by Baca provides a summary of evidence to that point [26] . The basic premise was the needleexchange programs commonly have repeated access to addicts. Also, it was generally understood that abuse occurs in small groups of individuals and that a fellow addict is likely to be the observer and potential first responder to a person overcome by the effects of heroin and in need of resuscitation. Initial programs developed a medical protocol in which naloxone injection was prescribed to an addict and was trained on overdose recognition and treatment. A simple kit was provided to the addict that contained naloxone injection along with a needle or nasal atomizer adaptor, a rescue breathing mask and a message to call 911. The concept was simple, give naloxone, rescue breathe if apneic, and call for EMS [27] [28] [29] . A pilot study in which pairs of San Francisco-based heroin users were trained to recognize overdose and complete the three-step process of naloxone administration, rescue breathe, and call 911 for help [30] . Twenty-four pairs were enrolled and followed for 1 year after being provided training and a naloxone rescue kit. Twenty witnessed overdoses were reported and the rescue methods employed. All subjects survived the overdose incident.
In 2006, Maxwell and the Chicago Recovery Alliance report their multiyear experience designed similarly to the San Francisco pilot study. Over several years, the Alliance distributed over 3,500 vials of naloxone injection to addicts. The study reports 319 incidents of peer reversals. During the study period, the Cook County Medical Examiner reports a 20 % decrease in opioid deaths in the first year and an additional 10 % reduction for each of the second and third years of implementation. Similar programs have been described for Boston, New York City, Baltimore, and the state of New Mexico. Sporer goes further to explain how to establish medical programs for heroin overdose prevention in other locales [30] . Green in 2008 has published an evaluation of six different naloxone training and distribution programs in the USA [31] . Strang, in 2008, and subsequently Sherman, presented an additional critical consideration for training on intervention and preventing overdoses [32] . It was a simple notion that family caregivers, meaning a spouse, loved one, girl or boy friend, or any family member in close contact with an addict should be trained on recognition of suspected overdose and what to do. A family member of an addict is likely the first responder and can provide rescue until arrival of emergency medical services [33] . Doe-Simkins described the Boston experience with intranasal delivery of naloxone injection and training of addicts on drug overdose prevention [13] . The article goes further to outline the regulatory and legal barriers that must be overcome to establish a harm reduction program. The most recent summary of naloxone expanded access is provided by Kim [62] . The Kim article provides a global overview of the opioid overdose epidemic, the nature of programs in existence, and how additional considerations of FDA regulatory status, including developing and approving a naloxone product designed for nasal delivery, or over-the-counter status for naloxone, could help expand access.
Project Lazarus in the US state of North Carolina attempts to address the prescription opioid overdose in a rural region of the state [63] . The organizers address the need for overdose prevention education and training for both prescribers and patients-in particular patients who a prescribed high potency, high-dose opioids. Moreover the program has identified many high-risk clinical scenarios that warrant education, training, and most of all, a prescription for take-home naloxone. A new notion of "co-prescribing" has been introduced such that any high risk patient and their close relations should receive training on overdose recognition and access to naloxone through a prescription. Thus, when attending to their pharmacy, the patient will receive the analgesic medication along with the antidote and instructions for use.
The principles espoused by overdose prevention programs are very similar to those for emergency administration of epinephrine or glucagon for anaphylaxis or hypoglycemia from insulin or antihyperglycemic overdose [63] . It is generally recognized in public health and law that a citizen may administer these antidotes without criminal or civil liability in a legitimate attempt to save another person's life. Many locales are considering or have passed legislation permitting naloxone administration from one layperson to another [13, 33, 63, 64] .
Data from the practice of peer to peer administration are somewhat sparse, at least in terms of well-controlled research. However, the centers providing such services report hundreds of thousands of naloxone doses dispensed and thousands of reversals without apparent serious consequences. Leaders of these programs now assert that broader distribution is so safe that over-the-counter regulatory status should be considered or that a new product be developed and researched with an over-the-counter marketing in mind [62] .
Gaps in knowledge for naloxone nasal spray
As stated previously, there are no data describing a highly concentrated naloxone nasal spray formulation integrated with an appropriate nasal spray device. The formulation would have to satisfy general formulation requirements, be physically, chemically, and microbiologically stable and compatible with the delivery system. The delivery system must contemplate a wide array of clinical circumstances including standard medical use and use under austere conditions by a lay person. The biopharmaceutics of such a formulation must be determined and applied to select a dose that is clinically relevant and comparable to routes and doses used in clinical medicine today. Clinical studies under various conditions of use may be necessary for premarketing and or postmarketing studies. The ultimate goal of reducing opioid overdose death rates must be demonstrated for a costeffectiveness determination.
Conclusion
Opioid overdose is a worldwide public health crisis regardless of whether heroin or prescription medications are involved. Naloxone is a well-known antidote with decades of clinical experience as an injection-based pharmaceutical. Alternative routes of delivery, removing the needle from administration, appear to be an unmet medical need. Paramedics and public health workers have demonstrated that intranasal administration of naloxone injection reverses narcosis-however, no naloxone nasal spray product is currently available. While no pharmacokinetic data has been generated with a naloxone solution prepared/formulated specifically for intranasal administration, the chemistry profile and animal studies suggest it should have significant bioavailability as a nasal solution. Administration of a naloxone powder intranasally to humans demonstrated significant absorption in blood level ranges known to be pharmacologically active. Administration of naloxone injection intranasally by EMS workers appears to be a successful practice in reversing suspected opioid overdose in the field. Chemical relatives to naloxone, including naltrexone, hydromorphone, and butorphanol, have all been administered to humans intranasally at similar doses and produce systemically active blood concentrations without producing clinically significant acute local effects in the upper airway. Studies of naloxone injection in normal volunteers show it is well tolerated at doses used clinically. Studies of injectable naloxone given intranasally also show it to be well tolerated in normal volunteers at clinical doses. The available data suggest the development and marketing of a naloxone nasal spray is highly feasible and may satisfy an emergency medicine and public health unmet medical need.
